Fiber-reinforced composites are favored in aerospace and automotive applications due to their enhanced strength-to-weight and stiffness-to-weight ratios. However, impact-induced internal damage following low velocity impact is a major concern preventing the more aggressive use of fiberreinforced composites in high performance structural applications. Here we show that by infiltrating a multiwalled carbon nanotube network into the composite, it is possible to detect impact-induced internal damage by monitoring localized disruptions in the electrical conductivity of the nanotube network. Such a built-in array of non-intrusive nano-sensors could enable the early detection of impending failures in real time before they become catastrophic.
INTRODUCTION
Fiber-reinforced epoxy composites are attractive for aeronautical, space, and automotive applications due to their high strength-to-weight and stiffness-to-weight ratios in comparison to metal alternatives. [1] [2] However, impactinduced damage following low energy impact is a major safety concern that limits the more aggressive use of fiber-reinforced composites in various structural applications. A composite material, when subjected to low energy impact (such as tool drops or debris strikes) can suffer significant internal damage (e.g., ply delamination or matrix micro-cracking) without any visible signs of exterior (or surface) damage. [3] [4] [5] The ability to sensitively and accurately detect such internal damage in real time will significantly enhance the safety, reliability, and performance of structural composites.
Traditionally, internal damage in composites can be detected [6] [7] by several techniques, such as ultrasound scanning, acoustic emissions, X-ray, thermography, and shearography. While these techniques are accurate and reliable, they are not suitable for real-time monitoring in the field due to their bulky size, high power requirements, and complex data reduction/analysis tools. Here, we show that by infiltrating an electrically conductive multiwalled carbon nanotube network within the composite, it is possible to detect internal impact-induced damage in situ by * Author to whom correspondence should be addressed. monitoring local disruptions in the conductivity of the nanotube network. Since the nanotubes are ubiquitous through the structure, this technique can be used to monitor any portion of the structure by performing simple electrical conductivity measurements without the need to mount external sensors or sophisticated electronics. A similar concept has previously been used by Chou and co-workers 8 to detect damage in composites under static (tensile) load and by our group 9 to detect fatigue crack growth under dynamic (cyclic) loading. However, to the best of our knowledge, this is the first reported demonstration of "impact damage" detection in composites using a carbon nanotube sensor network. Moreover, while prior studies [8] [9] simply measured the volume of electrical resistance between two points on a structure, in this work we established an electrical grid on the surface of the composite and related the grid potentials to the conductivity distribution within the composite panel by solving the corresponding inverse problem. This enabled more precise determination of the location and extent of the damage in comparison to bulk (or volume) electrical resistance measurements. Bisphenol-A based epoxy (Epoxy-2000 from Fibreglast), and the MWNTs were purchased from Nanocyl with purity >95%, mean diameter of 20 nm, and length of ∼20 m. First, the MWNTs were dispersed in acetone by means of ultrasound using a probe sonicator (Sonics Vibracell) for 30 min at 30% amplitude. Then, the epoxy resin was added to the MWNT/acetone mixture and sonicated for 30 min at 30% amplitude. The mixture was placed on a hot-stir plate, maintained at 75 C for 3 h, and then transferred into a vacuum chamber at 65 C for 8 h to remove the acetone from the mixture. The epoxy curing agent (2120 Epoxy Hardener from Fibreglast) was then mixed with the MWNT/epoxy resin blend using a high speed mixer (Thinky Model ARE-250) for 2 min at 2,000 RPM. The mixture was then degassed in a vacuum chamber for 10 min to remove any air bubbles introduced during the mixing. Traditional hand layup and vacuum bagging was used to assemble the hybrid composite, bringing together the MWNT/epoxy mixture and eight plies of Kevlar fabric. The sample was allowed to cure for 24 h under vacuum followed by a post cure at 90 C for 2 h. To finish the sample preparation, the specimen was cut down to a 4 × 6 in plate using an abrasive water jet cutter. The scanning electron microscopy (SEM) images in Figure 1 (a) show the hierarchical structure of the composite with the micron-scale Kevlar fibers bound together by the MWNT/epoxy blend. The Kevlar fibers and epoxy resin are insulating. Consequently, the only source of charge transport in the composite is through the conductive MWNT network; the exfoliated nanotubes form three-dimensional interconnected networks for efficient electron flow. This is demonstrated in Figure 1(b) ; over four orders of magnitude reduction in the volume electrical resistivity of the material is observed as the weight fraction of MWNT fillers in the epoxy resin is increased from 0.1 to 0.75%. Beyond about 0.5 wt% of MWNT, the reduction in resistivity of the composite begins to plateau; consequently, a loading fraction of 0.5 wt% of MWNT was used in all the subsequent experiments. Another reason for limiting the MWNT weight fraction to 0.5% was that at higher loading fractions (e.g., >0.75%), the epoxy becomes too viscous and it is not feasible to lay-up and cure the composite. Note that the MWNT are far more efficient at imparting electrical conductivity to the composite than micron-size fillers such as carbon black. The volume resistivity of the composite with 0.5 wt% of MWNT additives was measured to be ∼10 4 · cm. By comparison, even with the order-ofmagnitude larger weight fraction (4 wt%) of carbon black particles, the composite's resistivity can only be reduced to ∼10
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· cm as shown in Ref. [10] . Also note that in the absence of MWNTs, the Kevlar fibers and epoxy resin are both completely insulating, and hence, no electrical measurements are possible without the nanotubes.
Once the hybrid composite panel was cut to size, a grid of points ( Fig. 2(a) ) was established on the surface of the composite spaced 0.25 inches apart using a conductive silver paste that allowed for consistent and repeatable measurements. A fixed potential difference (20 V) was applied along the grid in the longitudinal direction, and the voltage at each point on the grid was sampled. The same process was repeated by applying a 20 V potential difference across the grid in the transverse direction. The plate was then impacted (Fig. 2(a) ) using an Instron 9250HV drop tower at an energy of 2.3 J and a 16 mm diameter hemispherical striker. This energy was chosen so there would be no external sign of damage on either side of the plate after the impact. The point of impact was selected to coincide with the center of the plate. After the impact, the voltage distribution at the grid points was sampled again, and the change in voltage at each grid point was calculated. We observed a large spatial disruption (Fig. 2(b) ) in the grid potentials close to the point of impact. increased and decreased with respect to the baseline values prior to the impact.
MODELING
A key aspect of this work was to relate the electric measurements from the grid to the actual damage in the sample. To do so, we utilized the measured grid potential distributions and solved the inverse problem to determine the spatial distribution of the electrical conductivity. We expected that in the recovered conductivity distribution cracks or delaminations would be clearly seen as regions of very low conductivity (air). The mathematical model that describes electrical conduction in an isotropic solid is given by
where k is the material conductivity, is the electric potential, and I v is the current density. Using the measurements of the grid potentials, the spatial distribution of k was determined on a grid with the same resolution as the measured grid potentials by solving the associated inverse problem. For this we treated the panel as a two-dimensional plate with no out-of-plane variation in material properties. With this assumption, Eq. (1) can be interpreted as a hyperbolic partial differential equation for the conductivity components with known, spatially varying coefficients (components of ). Two independent measurements of were used for this purpose and the electrical conductivity at the lower left corner was fixed at an arbitrary value. The conductivity at every other point was determined in terms of this value. The resulting set of coupled partial differential equations for the material conductivity was solved using a stable finite element method based on the adjoint-weighted residual equations for this problem. This method is stable, robust (insensitive to noise), and accurate (optimal convergence rates with grid size) for solving such inverse potential problems. [11] [12] Figure 3(a) shows the difference in the conductivity map between the post-and pre-impact plate obtained using the measured grid potentials. We observe a region (∼0.5 inches in diameter) near the point of impact where the conductivity has decreased significantly compared to the far field. In the immediate proximity of this region, we also observe smaller regions of increased conductivity. This type of conductivity distribution is indicative of a delamination defect where a void is generated between the Kevlar plies resulting in a local drop in conductivity. The epoxy within the delaminated region is forced out and densifies the surrounding matrix resulting in pockets of increased conductivity near the defect site. Transfer of nanotubes within the matrix during the impact process may also contribute to these small pockets of increased conductivity. To confirm the results from the voltage mapping and inverse problem simulation, an independent ultrasonic C-scan verification study was performed on the composite panel. As seen in Figure 3(b) , the ultrasound scan determined a flaw (void) size of ∼0.6 in diameter, which showed good correlation with the inverse problem simulation. A more refined grid with greater density of data points is expected to further improve the accuracy of the sensing. To check whether the addition of nanotubes had any adverse effect on the mechanical properties of the composite, we performed static tensile loading tests on Kevlar/MWNT-epoxy composites and the baseline Kevlar-epoxy system by using an MTS-858 material test system. The results indicated very similar Young's modulus (∼23 GPa) for the two systems. In fact, the tensile strength of the nanocomposite was ∼20-30% better than the baseline Kevlar composite. We therefore conclude that the nanotubes do not degrade the mechanical strength and stiffness of the composite.
SUMMARY
To summarize, we have demonstrated that carbon nanotube sensor networks can be infiltrated into fiber-reinforced composite structures and used to detect impact-induced internal damage in situ. In-Situ Detection of Impact Damage in Composites Using Carbon Nanotube Sensor Networks before and after impact. These variations in grid potentials can then be mapped to a conductivity distribution contour map, which allows for accurate detection of the location, size, and possibly the type of defect. These findings indicate that in addition to enhancing mechanical, thermal, and electrical properties, multifunctional carbon nanotube additives may also be configured to act as sensor networks to provide real-time health monitoring and impact damage detection functionality to the host structure.
